Electronic excitations in van der Waals heterostructures can have interlayer or intralayer character depending on the spatial localisation of the involved charges (electrons and holes). In the case of neutral electron-hole pairs (excitons), both types of excitations have been explored theoretically and experimentally. In contrast, studies of charged trions have so far been limited to the intralayer type. Here we investigate the complete set of interlayer excitations in a MoS 2 /WS 2 heterostructure using a novel ab-initio method, which allows for a consistent treatment of both excitons and trions at the same theoretical footing. Our calculations predict the existence of bound interlayer trions below the neutral interlayer excitons. We obtain binding energies of 18/28 meV for the positive/negative interlayer trions with both electrons/holes located on the same layer. In contrast, a negligible binding energy is found for trions which have the two equally charged particles on different layers. Our results advance the understanding of electronic excitations in doped van der Waals heterostructures and their effect on the optical properties.
Monolayers of group VI transition metal dichalcogenides (TMDCs), are direct band gap semiconductors with a plethora of unique optical properties. [1] [2] [3] [4] [5] [6] In monolayers excitons are naturally confined to a single layer. In multilayer or bulk systems, new types of excitons can form with electron and holes distributed over different layers. Such interlayer excitons are potential candidates for realizing a wealth of interesting physical phenomena, such as Bose-Einstein condensation, high temperature superfluidity, dissipationless current flow, and the light-induced exciton spin Hall effect. [7] [8] [9] Interlayer excitons can form in homogeneous layered structures (e.g. bulk MoS 2 , MoSe 2 , or MoTe 2 10,11 ) or artificial heterostructures which are build up by stacking monolayers of different two-dimensional materials. [12] [13] [14] [15] Depending on the exact band alignment in the heterostructure, the additional interlayer states may become the lowest optically active exciton. 15 In addition to neutral excitons, the formation of charged trions can influence or even dominate the photoluminescence spectra when free charges are present. [16] [17] [18] [19] [20] Such additional charges can stem from gating, defects or a substrate. Thus the trions can be charged positively or negatively. Recently Mouri et al. 21 have ascribed certain features in the photoluminescence spectrum of MoS 2 /MoSe 2 to trion states with interlayer character. On the other hand Miller et al. 22 interpreted the same features to arise from the coupling of the neutral interlayer exciton with phonons.
In this study we focus on the intra-and interlayer character of zero-momentum (direct) excitons and trions in an prototypical MoS 2 -WS 2 heterostructure because finite momentum (indirect) excitations do not have optical amplitudes at low temperatures. Before we discuss the possible trion states we analyse the electronic structure as well as the neutral excitons.
Using first-principles GW+BSE calculations 23 we unambiguously identify an optically active interlayer exciton when both layers are rotationally aligned and lattice matched. Having discussed this, we use our ab-initio approach 24 to describe and investigate the properties of positive and negative (intra-and) interlayer trions. To distinguish between intra-and Figure 1 : Band structure of a MoS 2 -WS 2 heterostructure (structure shown in the insert) from the GdW (LDA) approximation. 30 The color of the band reveals the character of the monolayer, i.e. red for the upper MoS 2 layer, blue for WS 2 , and black for strong hybridisation.
interlayer states experimentally, it is possible to apply a perpendicular electric field. For small fields, we find the same linear dependency of interlayer excitons and trions on the field strength. To our knowledge, this is the first study of interlayer trions. The band structure of the MoS 2 -WS 2 heterostructure is shown in Fig. 1 . The contribution to the electronic states from the MoS 2 and WS 2 layers is indicated by red and blue, respectively. As previously observed 13, 27 we find the heterobilayer has Type II band alignment with the conduction band (CB) of MoS 2 about 0.24 eV below that of WS 2 and the valence band (VB) of of WS 2 0.36 eV above that of MoS 2 . We note that this alignment is crucial for the existence of low lying interlayer excitations which mostly build up by contributions around K (for discussion see below). At K our GdW calculations yield a gap of 2.28 eV (between bands of different layers), while for the intralayer band gaps we obtain 2.74 eV for MoS 2 and 2.61 eV for WS 2 , respectively. Note that these values are slightly red shifted compared to the free standing monolayers because of the additional screening in the bilayer structure. 31, 32 Although the bands mostly keep the character of the original single layer around K, a small hybridisation between the upper MoS 2 VB and the lower WS 2 VB is observed. We note that the heterobilayer is an indirect semiconductor (like bilayers of MoS 2 and WS 2 ) with a CB minimum between K and Γ. The character of the corresponding wave function at the CB minimum shows a strong hybridisation between the layers, but this is not important for the present study which focuses on the q = 0 excitations of which the lowest are formed by vertical transition at K.
To calculate the excitons of the heterostructure from first principles we employ manybody perturbation theory in the GdW /BSE approximation. 23, 33, 34 Thereby we evaluate the optical spectrum of the heterostructure, see where S labels the exciton. The coefficients B S vc have been obtained by the diagonalization of the Bethe-Salpeter equation (see supporting information). The energetically lowest state has strong contributions from both layers (see inset in Fig. 2(a) ), i.e. the hole resides on the WS 2 layer while the electron is mostly located on the MoS 2 layer. Thus the exciton can be identified as an interlayer (IL) state. Compared to the direct gap at K we find an exciton binding energy of 0.35 eV. This is slightly lower than the intralayer excitons which results from the reduced electron-hole interaction due to its increased spatial distance. Furthermore this value is in good agreement with the value for the interlayer exciton in MoS 2 /WSe 2 obtained for from simpler models (0.3 eV). 26 We note that the energetic ordering of the 6 Fig. 3 ). The fine splittings of different spin and valley configurations 31 (remains 2-fold degenerated) is ignored.
intralayer peaks in the bilayer is reversed by about 10 meV in comparison to our monolayer calculations which agree with experimental measurements. 36 However, for the discussion of IL excitations the exact ordering of the bands is not important.
In Fig. 2 (b) the energetic position for different interlayer distance d − d 0 of the two layers is shown. Overall the energetic positions of the excitons are quite insensitive to this distance spectrum. For the IL exciton the spatial structure is determined by the band alignment ( Fig. 1) : the hole resides on WS 2 and the electron on MoS 2 (see Fig. 3 ) To resolve the question which of the trions shown in Fig. 3 is the ground state, we employ the three-particle Hamiltonian 24
which consists of the single-particle band structure energies and the three-particle interactions (see Supplement). The eigenstates of this Hamiltonian represent the trion excitations.
Their energies E T relative to the initial single-particle state v are related to the photoexcitation energy via ω T ↔v = E T − v . In the optical spectrum bound states can be found below the excitons ( ω X↔0 ) with an additional trion binding energy
We observe positive and negative trions in the absorption spectra (depicted in green in the neutral IL exciton. We note that the number of observed trion states corresponding to the peaks is different for the n-and p-doped materials (see Tab. 1).
The spatial structure of the trions can be deduced from their names (see Fig. 3 ) as well as from the color of the bands on the inset of Fig. 4 where we use blue and red for the bands of MoS 2 and WS 2 , respectively. Furthermore, in Fig. 4(c) the real-space wave function for positive trions is shown. We have fixed the electron on the MoS 2 layer and the hole probability is pictured after averaging over the coordinates of one of the two holes and integrating the in-plane directions (compare to insets in Fig. 2(a) ). Interestingly, in the bound states the two identical particles reside on the same layer, e.g. for the T + IL trion, the two holes both reside on the WS 2 layer with momenta distributed around the K and In general the signature of a trion can occur several times in the optical spectra ( Fig. 4(d) ).
This is due to the fact that the excitation energy of a trion E T is found with reference to Figure 4 : (a) Optical absorption spectrum for positively charged trions (green) and neutral excitons (black) for the energetically lowest states. A sketch of the band-structure contributions of electrons and holes to the bright intralayer trion T + IL andṪ IL,(1/2) is pictured as inset (see Fig. 2 ). (b) Optical absorption spectrum of negative trions (green) and neutral excitons (black). The three insets show the different contributions to the corresponding optical active trions. (c) Hole probability of T + IL andṪ IL,(1/2) after averaging over the coordinates of one of the two holes and integrating along both in-plane directions. The electron is fixed on the MoS 2 layer. (d) Sketch of the recombination of a trion in two different single-particle states and resulting peaks in the spectrum (see main text). the involved single-particle state ω T ↔v = E T − v . ForṪ + IL the holes can be found on different layers and correspondingly the single-particle state v can refer to MoS 2 or WS 2 .
Thus we find two peaks corresponding to a remaining hole on the MoS 2 layer and a hole on the WS 2 layer. While we find the first peak slightly above the MoS 2 exciton (not shown), the second one resides close to the X IL (the VB difference is 0.36 eV while the difference of exciton energies is about 0.2 eV). These energy differences indicate thatṪ Mouri et al. 22 reported an upper limit of ∼ 25 meV for the trion binding energy, which is in good agreement with our result. We note that for binding energy and amplitudes of the IL trions T +/− we find the same trends with respect to the layer distance as observed for IL excitons (see Fig. 2(b,c) ).
In addition to the excitations discussed so far, which are all optically active (at ±K), we find an large number of states with vanishing optical intensity. This includes trions composed of non-zero momentum excitons with electrons at the minimum of K-Γ (n doped samples) or holes at Γ. We note that we concentrate on the lowest lying states in this study, therefore bright states at higher energies or dark states of triplet character or finite total momentum will not be discussed further here 5 . In this study we have considered, for computational simplicity, the IL trions in the specific heterobilayer MoS 2 -WS 2 only. However, we expect the main conclusions to be valid for a range of other heterobilayers with Type II band alignment.
Depending on the experimental setup it might be difficult to determine if a peak corresponds to an inter-or intralayer state. The interaction with the second layer may also slightly modify the positions of the intralayer excitons and trions, e.g. the enhanced screening by the other layer may lead to a small red shift. 31 While interlayer excitations in bulk materials have been identified by the sign of the corresponding g-factor, 10,11 applying an electrical field perpendicular to the heterostructure is an alternative strategy. Applied electric fields and the resulting Stark effect have already been discussed extensively in the literature. Most often a quadratic Stark effect is observed, e.g. for quantum dots 38, 39 or TMDCs (in an in-plane field). 40 to coupled quantum well systems.
In Fig. 5 the resulting shift of the exciton energies for different electric field strengths is shown. While the intralayer excitons A WS 2 and A MoS 2 are mostly constant (due to the smaller out of plane polarizability, the quadratic Stark effect is much smaller compared to in-plane fields), the IL state shifts down with increasing fields. This behavior can be easily understood by spatial structure of the excitons. The A excitons have almost all contributions on one layer, and consequently the energy of the hole and electron forming the exciton will shift in the same way by the electric field. In contrast the IL states have electrons and holes distributed on different layers. Hence their shift immediately follow those of the direct band gap (dotted line in Fig. 5 ) between the VB of WS 2 and the CB of MoS 2 at ±K. The fact that the exciton energy follows exactly the direct band gap as function of the field strength,
indicates that the exciton binding energy remains unchanged. By inverting the electric field the direct gap and the IL states can be moved to higher energies as well. Note that these trends are only valid for states localized around ±K. If contributions stem from states around Γ or Γ-K this will result in a different slope due to the stronger interlayer hybridization.
In summary, we have presented an ab-initio study of the low energy optical properties of a MoS 2 -WS 2 heterostructure which are governed by the neutral excitons and charged trions. In addition to previously studied IL excitons we find IL trions with different spatial character. We identify the lowest binding energy of 18/28 meV for positive/negative trions when both holes/electrons resides on the same layer. In contrast to this, a negligible binding energy is found for an electron/hole interacting with an intralayer exciton of the other layer.
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